We have employed multinuclear quadrupole resonance, using the field cycling technique, to study the structure of heterocyclic biomolecules. The electron density at nitrogen was investigated by the Townes-Dailey model of 14 N NQR. Large substituent effects were evident especially on the n orbitals. Electron transfer through H-bonds also affects the 14 N quadrupole interaction. Deuterium quadrupole resonance at exchangeable sites was also utilized. Since the deuterium quadrupole correlation coefficient is sensitive to the geometry of H-bonds, the intermolecular distance of the pyrrole-pyridine complex could be determined. The field cycling technique is sensitive enough to detect 14 N • • • 14 N double transitions in parabanic acid thanks to the long spin-lattice relaxation time. However in many biological systems, such as hydrates, the technique is hardly applicable because of the short proton relaxation times. In such cases the solid state NMR technique was utilized. The 2 H NMR spectrum of thymidine reveals interesting static and dynamical features of deuterium quadrupole interaction.
Introduction
NQR spectroscopy [1] , especially of 14 N, has a great potential for the study of biomolecules. The double resonance technique [2, 3] has made it possible to observe NQR signals from light nuclei such as 2 H, 10 B, n B, 14 N, 17 0, 23 Na, 25 Mg. Those nuclei are hardly detectable by single-resonance methods because of the low transition frequencies resulting in weak signals [4] [5] [6] [7] [8] [9] .
Since Edmonds and Speight reported 14 N NQR spectra of amino acids [10] and nucleoside bases [11] , some more studies [3, [11] [12] [13] on biochemical systems have provided valuable information. In the first half of this paper, 14 N NQR spectra of a family of 21 heterocyclic compounds are presented to add to the existing data base [1, 3, 6, [14] [15] [16] [17] [18] [19] . The series embodies wide variations in 14 N environment in terms of the atoms that make up the ring, and also provides variation in H-bonding environments. The effect of various substituents on amino and imino nitrogen yields the change of the n electron densities through TownesDailey analysis. The H-bond effect on the 14 N electric field gradient (EFG) tensor is also presented. H-bond geometries can be estimated from the correlation of the deuterium quadrupole coupling constants (DQCC's) with N ... O, O ... O or N ... N distances [20] [21] [22] . In the second part of the paper, the dynamics of biomolecules will be discussed. The field cycling NQR spectroscopy relies on the relaxation behavior of the proton spin system. When the relaxation time is long, weak quadrupole resonance signals, such as that from 17 0 in natural abundance, can be detected since the signals are actually detected as remaining proton magnetization [3] . On the other hand, the field cycling itself destroys usable proton magnetization, making the field cycling experiments difficult when the relaxation time is short. Two extreme examples are presented. In the last part of the paper, motional averaging in H-bonded systems will be discussed.
Theory
In zero field, NQR transitions are observed between nuclear energy levels determined by the quadrupole Hamiltonian e 2 0 a /h H q = 4S p5_ 1) P+ fo/2) (Si + Si)].
e 2 Qq zz /h is the quadrupole coupling constant, S the nuclear spin and rj the asymmetry parameter. The EFG, q, is a traceless second order tensor. In the principal axis system the EFG is diagonal; by convention the axis system is defined so that \q zz \>\q yy \>\q xx \-The asymmetry parameter, defined as tl = (q xx -q yy )/ q zz , ranges from 0 to 1. The asymmetry parameter and the quadrupole coupling constant completely describe the EFG tensor in the principal axis system. For S= 1, the eigenfunctions and energy levels for the Hamilto- 
corresponding to | Y>~|Z>, |X> |Z>, | Y) <-• |X>, respectively.
The Townes-Dailey model [1, 23] provides a means of relating the population of the nitrogen valence orbitals to the 14 N NQR data [24, 25] , The valence orbitals in the case of the pyrrole nitrogen are those involved in the N-Ha, N-C o, and n bonds. The appropriate relations between EFG parameters and populations of these orbitals are 14 N NQCC due to a single valence 2p electron (we choose the value -9.1 MHz), 2 y is the C -N -C bond angle, and cr NH , <t nc , and n are the populations of the indicated nitrogen orbitals. These expressions are based upon the assumption that the 14 N EFG tensor orientation in pyrrole is identical to that determined for N-acetylvaline by a single-crystal 14 N NMR study [26] , The character of the fine structure in the CP/MASS 13 C NMR of N-acetylvaline [27] , due to the residual 13 C- 14 N dipolar coupling [28] , confirms this orientation assignment, which leads to a negative sign of the quadrupole coupling constant. From these observations it is possible to conclude that the relative order of the nitrogen valence orbital populations is n > <r NH > er NC .
For the pyridine type of nitrogen the EFG parameters are related to the population of the lone-pair orbital, a LP , as well as to the population of the nitrogen orbitals involved in the a and n bonds to carbon: (5-2) the X axis is normal to the molecular plane.
The latter case will be found in a ^-electron rich imino nitrogen in nucleoside bases.
Experimental
All compounds were obtained from commercial sources and were used without further purification. Deuteration of parabanic acid, hydantoin, thiohydantoin and allantoin was carried out by recrystallization from D 2 0. The experimental procedures in the double resonance level crossing (DRLC) method, and the spectrometers used in this work are described elsewhere [29] [30] [31] , The amount of sample in each case was of the order 0.2 to 5 g.
Solid state 2 H NMR spectra were recorded either at 38.45 MHz or at 76.76 MHz. The spectrometers were described elsewhere [32, 33] ,
Results and Discussion

I. 2 H and 14 N NQR of Heterocyclics
N NQR Results
Preliminary measurements of : H Ti were carried out for all compounds at 77 K; a few additional measurements were made at room temperature. The Ti values ranged from 20 s to several minutes, long enough to satisfy the adiabatic condition necessary for the DRLC experiments. The long relaxation times indicated absence of molecular motion in these crystals. Strong X H NMR signals were observed after the remagnetization. All 14 N NQR data obtained in this work are listed in Table 1 . 
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Parabanic Acid (1) . A detailed scan, using 1 kHz increments with a static field (1.5 x 10" 3 T) reduces the effects of *H satellites, permitted identification of 6 lines at 2447, 2422, 1948, 1934 , 500, and 490 kHz. Thus there are two distinct nitrogens with similar EFG parameters, consistent with the X-ray and neutron diffraction results [34, 35] .
Uric Acid (2) . This compound gave four equally intense lines in the interval from 2500 to 2900 kHz, where the v + transitions of aromatic amines commonly appear. The corresponding four v_ lines and four v 0 lines, (actually two broad lines overlapped), appear at 1700 through 2000 kHz, and 750 through 950 kHz, respectively. Therefore, the four different nitrogens [36] are distinguishable by 14 N NQR. Tentative assignments to individual sites are given later in this paper.
Hydantoin (3) and thiohydantoin (4) . These two compounds are presumed to have an amine nitrogen with approximate sp 2 hybridization, and a second amine with approximate sp 3 . Nitrogen sites with distinctly different quadrupole coupling constants are thus expected, and are observed. The larger coupling constant is ascribed to the sp 3 type of amine site.
Allantoin (5) . The electronic environments of the nitrogens in this compound should be closely similar to those in hydantoin. The NH 2 nitrogen transitions are readily assigned by noting the characteristic proton satellite structure. The NH(1) is the sp 2 nitrogen in the ring. However, the sp 3 -NH-in the ring and the aliphatic -NH-'s are not distinguishable at this time.
Allantoic Acid (6) . The NH 2 nitrogen transitions were readily distinguished due to the characteristic satellite features.
Benzotriazole (7) . In the solid state structure of this compound there are four dependent molecules in the unit cell [37] , so there should be twelve different nitrogen sites. All of the lines due to the amino nitrogen sites were observed and assigned, but only a few of the much less intense imino nitrogen transitions were detected.
Hydroxybenzimidazole (9) . The 14 N NQR spectrum shows only one distinguishable set of 14 N transitions, suggesting that the molecule has C 2 symmetry like the molecule of mercaptobenzimidazole [38] , for which the 14 N NQR spectrum was obtained earlier [19] .
Mercaptobenzoxazole (10) and Benzoxazolinone (11) . Only one set of quite intense signals, which are expected to be the amino nitrogen signals, was observed for each compound. These results are in good agreement with the structural data [39] , Benzothiazole (12) , Oxindole (13) , Benzoxazole (14) . For these compounds there are no crystallographical data available. Rather weak and relatively high frequency v + transitions, apparently due to imino nitrogens, were observed for benzothiazol and benzoxazol. On the other hand, the much more intense signals in the oxindole spectrum are more plausibly assigned to the amino nitrogen.
An interesting feature of the 14 N spectrum of benzoxazol is that the v_ line is more intense than the v + line, as shown in Figure 2 . v + lines are generally much more intense than v_ in the 14 N DRLC spectrum [3] , Although one cannot ordinarily observe lines in the very low frequency range (% 100 kHz) due to intense proton absorption, it was possible to observe the v 0 line by employing fairly long (12 s) irradiation times at zero field (Fig. 3) .
oi.-Pyridoin (15) . The molecular structure of this substance shows that there are intramolecular Hbonds involving alcohol hydrogen and imino nitrogen [40] , Although the 14 N signals might be expected to be more intense because of the resulting shorter hydrogen-nitrogen distance, the transitions were nevertheless quite weak, as is the case for the other imino nitrogens studied.
Pyrazole (16) . The crystal and molecular structures show that there are two independent molecules in the unit cell of pyrazole [41, 42] . All twelve 14 N transitions were observed. There are, however, so many lines in the 1400 to 1600 kHz interval that the uncertainties in the frequencies of the v 0 lines of the imino nitrogens are unusually large. The results for the imino nitrogens differ from those reported previously [17] , as indicated in the footnote of Table 1 .
Maleimide (17) . Only three resonance lines were observed for this compound. This means that there is only one chemically independent molecule in the unit cell. An attempt to obtain the 17 0 NQR spectrum, which was successful [43] for the similar compound -2700-kHz phthalimide, was not successful due to the short T 1D of the protons.
Quinoline (20) . The sample was dried through molecular 3Ä sieves because the commercial sample showed unfavorable T t behavior. Relatively weak and broad 14 N NQR resonances have been observed for the dried compound.
Cyanuric Acid (22) . The crystallographic studies have shown that the molecule in the solid state has C2 symmetry resulting in two inequivalent nitrogens [44] ,
The two inequivalent sites have been observed by the 14 N NQR. One is about twice as ini_ v ;
tense than the other site where the nitrogen L i lies along the C2 axis. The NQR parameters for the two different sites are quite similar because they are almost equivalent except for the H-bond geometry.
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H NQR results
The deuterium NQR data obtained here are listed in Table 2 . Spectrum assignments for the compounds with more than one deuterium site have been performed with the aid of specific line shapes by a small static magnetic Table 3. 14 N NQR frequency in parabanic acid and in deuterated parabanic acid (* Ref. [34] ).
field [45] and 14 N-2 H double flipping which would appear in the neighborhood of 14 N transitions [21] . There are two different C-H deuterium sites observed in maleimide (17) in addition to the N-H deuterium site. This shows that the molecule has no C2 symmetry in the solid state while C2 symmetry would be expected in a free phase.
Deuterated cyanuric acid has given two N-H deuterium sites. The site with the lower DQCC (173.4 kHz) showed twice the absorption intensity of the other, so that this should correspond to the two equivalent deuterium sites which have longer N O H-bond distance. Although this is not consistent with the empirical relationship between DQCC's and N O H-bond distances [21] , the two equivalent sites take a more favorable N O-C angle, close to 120°, than the other to form the stronger H-bond.
The 2 H spectrum of parabanic acid was assigned by the 14 Table 3 . It is noteworthy that the v + frequencies of protonated NH sites in the halfly deuterated molecule are higher by about 2 kHz than those of the non-deuterated molecule. The change in 14 N parameters upon deuteration was attributed to the crystal expansion by the deuteration [3] .
Discussion
The characteristics of the 14 N EFG tensor, including the orientation of the major principal axis, primarily depend upon the particular type of functional group represented by the nitrogen site, e.g., a pyrole-like as opposed to a pyridine-like environment. Using the Townes-Dailey model, in conjunction with the orientation of the Z axis of the EFG tensor it is possible to extract from the NQR data, using (4) and (5), estimates of nitrogen valence orbital populations, or differences in the populations. We will employ the results of the Townes-Dailey analysis in the discussion that follows. Several necessary 14 N NQR data for the discussion, which have been reported elsewhere, are listed in Table 4 .
Effects of H-Bonding
It has been noted that the 14 N QCC is considerably lower for the amino nitrogen of solid imidazole than for imidazole in the gas phase, or than for similar heterocyclic amino sites in other molecules in which H-bonding in the solid state is not present [17, [46] [47] [48] . There is considerable evidence in the spectroscopic and structural data for solid imidazole for relatively strong intermolecular N-H ... N H-bonding [49, 50] ,
The effect of H-bonding on the EFG parameters of the amino nitrogen can be understood by (4). The Table 4. 14 N NQR spectra reported elsewhere. [25] ,' Ref. [16] . "Ref. [15] . population of the n orbital normal to the planar array of N-C and N-H bonds is higher than c N _ c an <3 (T n _ h , the populations of the a orbitals in the plane. Thus, the Z axis of the EFG tensor is orientated along the n orbital. Any increase in a N-H, occasioned by charge transfer from the electron pair donor in a Hbond, should result in a decrease in the QCC. At the same time, because a NH is larger than c NC , the deviation from axial symmetry along the Z axis should grow larger, so that r] should increase. Table. It is just these two compounds for which H-bonding is not a significant feature of the solid state structure. Thus, these results support the idea of an increase in a NH upon formation of the H-bond.
To obtain a clearer view of the changes in charge distribution at both the donor and acceptor nitrogen sites upon H-bond formation, it is desirable to observe the 14 N NQR data at both sites in the absence and presence of H-bonding. The pyrrole-pyridine complex (19) was well-suited for study in this regard, because each of the pure components is essentially free of H-bonding effect. In this system it is possible to observe not only the 14 N NQR spectra but also, upon deuteration, the 2 H spectrum of the deuterium in the H-bond.
Correlations 
Substituents Effect on Amino Nitrogen
As indicated in the theory section, the v + frequency of 14 N NQR in amino nitrogens is proportional to the difference between n population and a N-C population. The TC population may be sensitive to substituents while the a N-C population is rather constant. Therefore v + frequencies can be good parameters to evaluate n population numbers for substituents effect. Also the v + frequencies are relatively insensitive to H-bond geometry as listed in Table 7 .
Taking v + of pyrrole: 1685 kHz (see footnote of Table 6 ) as reference, changes in v + of the amino nitrogens by various substituents are listed in Fused ring. The amino nitrogen in indole (26) has more electron than that in pyrrole (24) . Also the n population of the amino nitrogen in benzimidazole (23) is substantially higher than that in imidazole (27) . On the other hand, the n population of the nitrogen in phthalimide (32) is considerably lower than that in maleimide (17) . Therefore one may conclude that the fused ring delivers n electrons to a position while the ring lessens n population density at ß position. MO calculations have also shown that there is a substantial difference in the nitrogen n orbital populations between indole (26) and isoindole (38) [53] [54] [55] . The fused ring effects were also seen in azabenzimidazole (36) and in purine (37) .
Imino group. The amino nitrogen in imidazole (27) has remarkably lower n population than that in pyrrole (24) . The same trend is seen in benzimidazole (23) with respect to indole (26) . As widely accepted, the imino nitrogen group withdraws n electrons considerably.
Exocyclic Oxygen. The amino nitrogen of maleimide (17) has two exocyclic oxygens at position a and v + is higher by about 700 kHz than in pyrrole (24) . Therefore, 350 kHz worth electron can be assigned to each exocyclic oxygen.
Cyclic Amino Nitrogen. One of the amino nitrogens of uracil has two a exocyclic oxygens and a ß cyclic amino nitrogen. The difference between this and that in maleimide is just the ß cyclic amino nitrogen. However, there is almost no difference in frequency between the two nitrogens. So this may suggest that there is not much effect on amino nitrogen by ß amino nitrogen, which is quite reasonable considering that they are the same functional group.
The other amino nitrogen in uracil has a and y exocyclic oxygens and ß cyclic amino nitrogen and still has almost the same v + as the first one. Therefore the y exocyclic oxygen may be the same on cyclic amino nitrogen as the exocyclic oxygen.
Cyclic Oxygen and Sulfur. The difference between benzoxazolinone (11) and hydroxybenzimidazole (9) is the difference between the cyclic oxygen and the cyclic amino nitrogen. The v + frequency of benzoxazolinone is higher by 90 kHz than that in hydroxybenzimidazole. So one may conclude that the ß cyclic oxygen gave up 90 kHz worth n electron to the amino nitrogen. A similar comparison can be made between mercaptobenzimidazole (28) and mercaptobenzothiazole (29) . The ß-cyclic sulfur withdraws as much as 200 kHz worth n electron from the amino nitrogen.
Exocyclic Sulfur. v + of mercaptobenzoxazole (10) is lower by 400 kHz than that in benzoxazolinone (11) . So the exocyclic sulfur is almost neutral or a slightly n electron withdrawing group for the amino nitrogen.
The various substituent effects on the cyclic amino nitrogen are summarized in Table 9 and in Figure 5 . Using the numbers in Table 9 one could calculate v + for the various kinds of cyclic amino nitrogens as listed in Table 8 . It is noteworthy that the calculated numbers are close to the experimentally observed numbers.
14 N NQR of a-pyridon (51) was reported earlier. v + (1477 kHz) cannot be accounted for as a neutral amino nitrogen, which has been discussed above. In- Table 4 . c NQR data in Table 6 , d averaged value. * a pyridine fused. ** a pyrimidine fused. Table 9 . n Electron donor capabilities on cyclic amino nitrogens. In e and in change of v + . terestingly the 14 N NQR data are on the line of pyridinium cations, which have been extensively studied by Rubenacker et al. [56, 57] .
Uric Acid assignment. The nitrogens in the six membered ring should be quite similar if the 5-membered fused ring does not exist. According to the discussion given above, NH(3) should get 600 kHz worth n electron in addition to uracil's 2311 kHz, which lead v + to be 2911 kHz, while v + of NH (1) would be substantially lower than that frequency. The v + frequencies for NH (7) and NH(9) are the same as those in hydroxybenzimidazole, which has the benzene instead of uracil ring. The two v + frequencies in 2600's would come from the 5 membered ring. The x-ray crystallographic study shows that NH(9) involves much stronger H-bond (N -O 2.73 Ä) than NH(7) (N -O 2.80 Ä) [34, 35] , So one would expect that NH (9) frequency. The tentative spectrum assignment for uric acid is given as in Table 1 .
Substituent Effect on Imino Nitrogen
As discussed in the theory section, the v 0 transition frequency of the imino type nitrogen is proportional to the difference between the n population and the o N-C population. Again ffN-C should be rather constant. Therefore the frequency of the imino nitrogen will be a good parameter to evaluate the n populations of the imino type nitrogens.
v + and v_ of the imino nitrogens are plotted against v 0 in Figure 6 . There is a minor axis {x, y) change caused by the sign change of the (c NH -n) term in [5] . Consequently n electron rich imino nitrogens like that in cytosine (49) have a rather constant value around 2750 kHz for the v + transition while n electron lacking imino nitrogens like that in pyridine (25) have the "constant" value around 2750 kH for the v_ transition. The constant frequencies fall in the very narrow frequency range 2550-3000 kHz. So this is very useful for spectrum assignment of a complicated 14 N NQR spectrum like that of 5-azacytidine (46) . The ambiguous assignments of 14 N NQR spectra obtained by McCullen [11] turned out to be clearer thanks to the specific frequency for the imino nitrogen. The effect of various substituents on imino nitrogen is listed in Table 10 .
Fused Ring Effect
(a) tx-benzene. The imino nitrogens in quinoline (20) , benzothiazole (12) and benzimidazole (23) have all higher n population than pyridine (25) , thiazole (41) and imidazole (27) , respectively. The fused benzene ring gives substantial n electrons to the imino nitrogen in a-position. A similar n electron increase to that by fusion of imidazole and pyridine rings, respectively, is seen in azabenzimidazole (36) .
(b) (x-imidazole ring. The imino nitrogen of the six membered ring part in azabenzimidazole (36) has more n electron than in pyridine (25) . Both of the six membered ring nitrogens in purine have also more n electron than those in pyrimidine. The n electron increase by the imidazole ring is larger than that by the fused benzene ring. This is presumably because the imidazole ring is n electron richer than the benzene ring.
(c) cc-pyridine ring. The five membered imino nitrogen in azabenzimidazole (36) has substantially higher n electron density than the imino nitrogen in imid- Table 1 . b data in Table 4 . c data in Table 6 . * a imidazole fused. ** a pyridine fused. *** a CH(OH)-CHph(OH). * ß-NCH 2 ph, ** ß-Nsugar, *** a pyrimidine, **** a pyrrole fused.
azole (27) . So the fused pyridine ring also acts as a n electron donor like the fused benzene or fused imidazole ring.
(d) ß-fused benzene ring. The n electron density on the nitrogen in isoquinoline is substantially lower than that in pyridine. The ß fused ring may act as a K electron withdrawer.
ß-Imino Nitrogen: The imino nitrogens in pyrimidine (40) and 2-amino pyrimidine (43) have about the same n electron as those in pyridine (25) and 2 aminopyridine (44). On the other hand, the imino nitrogens in 5-azacytidine (46) are losing their n electrons by introducing a new imino nitrogen compared to the imino nitrogen in cytidine (50) . This is presumably because the imino nitrogen in cytidine has already high n electron density.
ß-Amino Nitrogen: The imino nitrogens in imidazole (27) and benzimidazole (23) have much higher 71 electron density than their reference compounds pyridine (25) and quinoline (20) . As expected, the amino nitrogen is a good n electron donor for the imino nitrogen.
ß-ring oxygen I sulfur:
The nitrogen in benzoxazole (14) has more n electron density by 0.15 e than the nitrogen in quinoline (20) . n electron increase is seen in benzothiazole and in thiazole (41) compared to their reference compounds quinoline (20) and pyridine (25) . Both the ring oxygen and the ring sulfur are n electron donor, and the former is the more intense one.
Exocyclic amino Nitrogen: The imino nitrogens in 2-aminopyridine (44), 2-aminopyrimidine (43) and 4-aminopyridine (42) have substantially higher n electron density than those in pyridine (25) , pyrimidine (40) and pyridine, respectively. On the other hand, the imino nitrogen in 3-aminopyridine (39) has about the same n electron density as that in pyridine. This shows that a-and y-exocyclic amino groups are good n electron donors, but the ß one is not. The capability of exocyclic amino groups as a n electron donors is very variable, as seen in Table 11 . Substituent effects on imino nitrogen are summarized in Table 12 .
The v + frequencies (2900 and 3050 kHz) of the terminal amino nitrogens in allantoic acid (6) are about Table 12 . n electron donor capabilities by substituents on cyclic imino nitrogens (in electron). a Correlation times were calculated based upon the T x equation for two site jumping (Ref. [62] and Ref. [33] ). the same as those (2970 and 2976 kHz) in 2-aminopyridine or in 4-aminopyridine. These values are substantially lower than that in aniline (3244 kHz) and are significantly higher than those in acetamide (2105 kHz) or in formamide (1920 kHz), where conjugation takes place. Therefore, there is a slight n interaction between the nitrogen and the adjacent carbon although it is not such a strong one as in acetamide or formamide. 25 Mg NQR in MgCl 2 (H 2 0) 6 [9] .
II. Relaxation Time in the Field Cycling
Although the *H T x was 600 s, which seemed long enough for the field cycling experiment, *H T x in the zero field was quite short. This resulted in a very small usable proton signal after the remagnetization. The short in the zero field may be caused by a motion of water molecules. The long T t at 40 MHz and the short one in the zero field suggest that the correlation time should be much longer than the reciprocal of the Larmor frequency, i.e. 10" 6 s.
To determine whether the water molecules undergo any motion we have carried out a solid state 2 H NMR experiment on the deuterohydrate. The line-shape of the powder patterns at 170 and 200 K showed rj = l, which means that the water in the hydrate undergoes the 180° flipping motion along the C2 axis rapidly. The 2 H 7Vs at 170 and 200 K were 8 and 10 ms, respectively, at 38.45 MHz. The 2 H T t at 76.6 MHz and 200 K was 15 ms, suggesting that the correlation time for the motion is on the slow side of the T x minimum. At 100 K the 2 H NMR line-shape became a pseudo static powder pattern, showing that some water molecules are nearly rigid while others are not (Figure 7) . However the DQCC and rj are estimated to be 227 kHz and 0.05, respectively. Using these quadrupole parameters and values for 2 H T/s, correlation times for the 180° flipping were calculated as listed in Table 13 [59] . It is concluded that the slow water flipping is the cause of the short T x in the zero field.
However, useful results were still obtained; Two clear signals were observed at 230 and 440 kHz corresponding to the transitions for 25 Mg. Also 35 C1 and 37 C1 quadrupole resonances were detected at 1705 and 1355 kHz, respectively. The heat capacities of 25 Mg, 35 C1, 37 C1 are a very small fraction of the *H heat capacity and are approximately in the ratios 23:60:140. These ratios are close to the relative intensities of the NQR spectrum in Fig. 8 Two dipolar coupled deuterons gave a six-line multiplet [59, 60] which consists of the four allowed and two forbidden transitions. In most of the deuterium NQR cases, all six lines have been observed. To date only the allowed multiplets have been reported for some dipolar coupled 14 N cases [62] . One of the heterocyclic compounds we studied here, parabanic acid, which has two nearly equivalent sites in the crystal, gave us an opportunity to explore the forbidden transitions. In order to search 14 To calculate the transition probability, one has to evalute mixing coefficients which looks like
where 14 N T { is long enough to accumulate such transitons, resulting in a clear decrease of the magnetization even though the transition probability is small. The same kind of double transitions has been searched in cyanuric acid without success. That is presumably because E becomes 45 kHz, that is too large for detecting the transitions.
III. Motional averaging and electronic effect
Most dynamical NMR studies assume that the "static" quadrupole interaction is invariable [32, 33, 59] . However the deuterium quadrupole interaction is a function of the H-bond geometries [20] [21] [22] , Other electronic terms such as charge in the neighborhood should affect the quadrupole interaction. Therefore it is worthwhile to consider how motional averging takes place in such cases.
The solid state 2 H NMR spectrum of the methyl group in thymine revealed an unusually high assym- metry which has been accounted for by the negative charge on the neighboring oxygen atom [63] , Also rj of the 2 H EFG tensor in perdeutero hexamethyl benzene is affected by the charge on nearest hydrogen [63] . There has been a controversy about the above two issues [64, 65] , Butler et al. predicted that the 2 H EFG tensor is a good indicator of the charge densities of neighboring atom [66] .
Let us consider motional averaging of deuterium cases in H-bonded systems. The DQCC's of the CH sites in the imidazoles at 291 K are smaller than at 77 K by a fraction suggesting that the aromatic rings undergo a small amplitude motion. On the other hand the DQCC's of the Hbonded NH sites at 291 K are significantly larger than those at 77 K. This phenomenan may be accounted for by breakdown of the hydrogen bond by the motion, since the DQCC becomes larger when no H-bond exists.
Small Amplitude Motion in Imidazoles
We have employed a model of equally populated two site jumps with full angle of 6 ( Figure 10 ). It is also assumed that the second DQCC becomes larger at a constant rate up to 50% of the original DQCC. Space averaged DQCC's have been obtained by diagonalizing the averaged EFG: ^ Averaged EFG = 0.5 • (EFG 1) +0.5 • R~1(EFG2) R. Figure 11 illustrates the assumed EFG 2 simulating the breakdown of H-bonds. The numerical calculation indicated that the averaged DQCC will go up and show a maximum at 6 = 20° to 30° as shown in Figure 12.
-ND 3 Motion in p-Fluoro-DL-phenylalanine (PFF) [33] The 2 H powder spectrum of D 3 PFF at 22 °C is shown in Figure 13 . A good computer simulation was obtained by summing three powder paterns. The re- spective coupling constants (and asymmetry parameters) were 167 kHz (0.02), 167 kHz (0.02) and 129 kHz (0.05). These DQCC's are consistent with the Hbonded N • • • O distances given in the X-ray study [33] . The powder spectrum at 150 °C ( Fig. 13 ) has been considered a single powder pattern having DQCC = 48 kHz, >7 = 0.37. This 2 H EFG tensor can be obtained by three-site jumps (rather than difTusional motion) of an NH 3 group having the static EFG parameters which were obtained at 22 °C.
Thymidine ND Spectrum [67] It has been reported that the base position of thymidine is essentially static while the deoxyribose ring undergoes large amplitude motion (Figure 14) . This gave us a unique situation, that is the NH bond vector sits still while the H-bond breaks down. This corresponds to the model shown in Fig. 10 with 9 = 0°. The powder 2 H NMR spectrum of (d 3 -3,3'(OD), 5'(OD)) thymidine at 22 °C is a superposition of three powder patterns (Figure 15) . A room temperature Xray structure showed that H-bond lengthes, YH ... Y, are 2.74, 2.79, and 2.85 Ä for the 3', 5', and 3 positions respectively [68] . Based upon the empirical relationship between XD ... Y lengthes and DQCC [21, 22] , the position 3 (ND ... O) was clearly distinguished from the others in terms of singularity positions (marked in Fig. 15 ) in the superimposed powder spectrum.
The 2 H NMR spectrum of (d 3 -3,3'(OD), 5'(OD)) thymidine at 75 °C (Fig. 15 ) differs from the spectrum at 22 °C; in two respects: (1) the intensity decreased by a factor of 2.5 upon going from 22 to 75 °C and (2) the overall breadth of the powder spectrum increased by 20 kHz from 22 to 75 °C. The base being rigid, the total loss of signal can be attributed to short T 2 at the 3' and 5' positions caused by a large amplitude slow motion. Whether or not this motion is the one that was observed at the C2' position is not determined because there are other possible rotations such as either along the C3'-03' axis or the C4'-C5' axis. At 3' oxygen of a neighboring molecule in the crystal [68] , However at the high temperature, the 3' oxygen may not be available for H-bond formation because of the large amplitude motion of the deoxyribose ring.
2 H's with no H-bonded N-2 H have a larger DQCC (over 200 kHz) than the H-bonded ones [21, 22] , Therefore the absence of H-bonding at high temperature presumably causes the larger breadth of the powder spectrum observed at 75 °C as compared with that at 22 °C.
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